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S. Vanonckelen et al. 
Performance of atmospheric and topographic correction methods on 
Landsat imagery in mountain areas 
 
Abstract 
An effective removal of atmospheric and topographic effects on remote sensing imagery is an essential 
preprocessing step to accurately map land cover in mountain areas. Various techniques that remove 
these effects have been proposed and consist of specific combinations of an atmospheric and a 
topographic correction method. However, a wide range of new combined correction methods are 
possible to generate by applying alternative combinations of atmospheric and topographic corrections. 
At present a systematic overview of the statistical performance and data input requirement of 
preprocessing techniques is missing. In this analysis, 15 permutations of two atmospheric and/or four 
topographic correction methods were compared along with uncorrected imagery in the Romanian 
Carpathian mountains. Furthermore, results of the integrated ATCOR3 method were included. 
Statistical results showed that combination of a transmittance based atmospheric correction and a 
pixel-based C or Minnaert topographic correction reduced the image distortions most efficiently in the 
study area. Overall results indicated that topographic correction had a larger impact than atmospheric 
correction and there was a trade-off between the statistical performance of preprocessing techniques 
and their data requirement. 
 
Keywords: mountain areas; illumination; atmospheric correction; topographic correction; Landsat; 
integrated correction model. 
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1. Introduction 
Worldwide, mountain areas are experiencing rapid land cover changes that affect a set of ecosystem 
services, such as soil and water conservation, biodiversity preservation and carbon sequestration 
(DeFries et al., 2004; Foley et al., 2005; Lambin and Meyfroidt, 2010; World Health Organization, 
2005). Not surprisingly, increasing efforts are invested in land cover monitoring and mapping of 
mountain areas. The relative inaccessibility of mountain areas favors remote sensing techniques as a 
monitoring tool (Lambin and Geist, 2006; Turner et al., 2007). Implementation of remote sensing tools 
is, however, often hampered by problems originating from atmospheric and topographic distortions 
(Singh et al., 2011). Therefore, preprocessing techniques are an essential step to improve interpretation 
of satellite imagery. Atmospheric correction (AC) methods aim at removing distortions caused by the 
interaction between radiance and atmosphere (e.g. molecular scattering and absorption by gases). The 
most popular AC method is the dark object subtraction method (Chavez, 1996). A list of more 
advanced radiative transference models is provided in Table 1. Some AC methods are based on 
transmittance functions: moderate spectral resolution atmospheric transmittance algorithm (Berk et al., 
1998), the atmospheric part of the integrated radiometric correction method by Kobayashi and Sanga-
Ngoie (2008) and the atmospheric part of the ATCOR3 method (Richter, 1996; 1998). These last two 
atmospheric corrections are explained in the methodology section. Topographic correction (TC) aims 
at removing topographic distortions by deriving the radiance that would be observed in flat terrain. A 
list of topographic corrections is shown in Table 1. Three major types of TC methods have been 
developed. The simplest of these methods involve empirical normalizations, such as spectral band 
ratioing (Colby, 1991; Ono et al., 2007). Geometrical corrections assuming Lambertian reflection are 
considerably more sophisticated, such as cosine correction (Teillet et al., 1982). Most advanced 
geometrical corrections assume non-Lambertian behaviour, such as Minnaert corrections (Bishop and 
Colby, 2002; Lu et al., 2008; Minnaert, 1941; Smith et al., 1980), C-correction (Teillet et al., 1982) 
and sun-canopy-sensor correction.  
During the past 30 years, AC and TC methods have mainly been evaluated individually, which is 
shown in Table 1. As tested by Schroeder et al. (2006) and Vicente-Serrano et al. (2008), the major 
distortions in Landsat bands 4 to 7 originated from differential illumination due to topography, since 
longer wavelengths were less susceptible to aerosol effects. The C-correction reduced differences 
between north- and south-facing slope reflectances of Landsat imagery, especially in bands 3 and 4 
(Vicente-Serrano et al., 2008). So far, only a limited number of AC and TC combinations has been 
tested, which are shown in Table 1. For example, Huang et al. (2008) and Wen et al. (2009) combined 
the MODTRAN code with different TC’s. Differences in spectral values were reduced for similar land 
cover types and spectral properties became more homogeneous for different illumination angles. A 
maximum of five individual AC and/or TC methods has been implemented and compared by Riaño et 
al. (2003) and Vicente-Serrano et al. (2008). The analysis of Riaño et al. in 2003 compared one AC 
and four TC’s, while Vicente-Serrano et al. (2008) compared effects of two AC and two TC methods 
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in 2008. In principle, many more ‘new’ combined models can be built with individual AC and TC 
methods. Appropriate combined corrections are selected according to the study area, available data 
and implementation time. Furthermore, the influence of integrated AC and TC methods has been 
evaluated. Examples are the IRC method of Kobayashi and Sanga-Ngoie (2008) and the ATCOR3 
method of Richter (1996; 1998). Kobayashi and Sanga-Ngoie showed in 2008 that an integrated 
correction resulted in nearly flat regression lines between cos β and corrected radiances. A major 
disadvantage of integrated corrections is the implementation of a specific AC and TC, as shown in 
Table 1. Existing preprocessing techniques are based on a specific combination of an atmospheric and 
a topographic correction. In order to select the most appropriate preprocessing steps, the performance 
of combined corrections should be evaluated based on different individual AC and TC components. 
The added value of this study is the decomposition of integrated models in an AC and a TC 
component. The study is unique since most similar studies to date lack a thorough comparison 
between different AC and TC methods. This paper systematically evaluates the effects of all possible 
combinations of two AC and four TC methods, along with uncorrected imagery. Thereby, a variety of 
representative methods is selected based on their data input requirement and automation complexity. 
Since ATCOR3 is a popular integrated model, the evaluation of this model is also included in the 
analyses. 
(Table 1) 
 
2. Study Area and Dataset 
The study area consists of a Landsat-5 Thematic Mapper image (path 183/row 28) located in the 
central-eastern Carpathian mountains in Romania (Figure 1). The study area covers 31,110 km
2
 and 
comprises parts of the eastern Carpathian mountains and the Transylvanian Plateau. Elevation ranges 
between 53 and 2,545 m with a mean elevation of 570 m. 
(Figure 1) 
 
The area is characterized by a temperate mountain climate with an average yearly rainfall volume of 
about 635 mm and a mean annual temperature of about 11°C in central Transylvania. The ridges of the 
eastern Carpathians consist of crystalline schist, sedimentary and volcanic rock. The steep hillslopes 
are covered with mixed forests consisting of coniferous (e.g. Abies alba and Picea abies) and 
broadleaved trees (e.g. Betula pendula, Carpinus betulus and Fagus sylvatica) (Kuemmerle et al., 
2008). Footslopes and plateaus are used for farming and cattle herding. Total population in the study 
area is estimated at 2,667,000 people, of which 277,000 live in Brasov and 175,500 in Bacau (NIS 
Romania, 2010). The majority of the population receives an income from farming practices. 
The Landsat-5 image from 24 July 2009 was obtained from the archive of the United States 
Geological Survey. In this analysis, all corrections were performed on six non-thermal bands: three 
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visible bands (0.45–0.52 μm, 0.52–0.60 μm and 0.63–0.69 μm) and three infrared bands (0.76–0.90 
μm, 1.55–1.75 μm and 2.08–2.35 μm). The image was orthorectified with precision terrain correction 
level L1T by the United States Geological Survey and no cloud masking was performed, since cloud 
coverage in the study area was below 1%. The solar elevation and azimuth angles were 57.8° and 
136.9°, respectively. The digital elevation model (DEM) was the space shuttle radar topography 
mission (SRTM) from CGIARCSI/NASA, which was co-registered with the Landsat image using 
automatic tie matching and considering both Landsat displacement and acquisition geometry (RMSE < 
0.5; Leica Geosystems, 2006). The SRTM provided a high-quality DEM at resolution levels of 1 arc 
sec (30 x 30 m) in the U.S.A. or 3 arc sec (90 x 90 m) worldwide (Rabus et al., 2003). Although the 
ASTER GDEM from the METI/NASA was characterized by a worldwide 1 arc sec resolution, several 
analyses have indicated that the ASTER GDEM was more subject to artefacts such as stripes or cloud 
anomalies (Hirt et al., 2010; Van Ede, 2004). Therefore, the SRTM version 4.1 was resampled to a 
pixel size of 30 x 30 m by means of a bicubic spline interpolation to match the resolution of the 
Landsat image. 
 
3. Methodology 
First, digital numbers of each spectral band were converted into at-sensor radiances (Ls,λ) based on 
gain and offset values included in the metadata (Chander et al., 2009). Afterwards, path radiances 
(Lp,λ) were not atmospherically corrected or corrected with one of the atmospheric corrections 
described below, and converted to at-surface reflectances with Equation (1) (Chander et al., 2009): 
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where: ρT,λ = observed surface reflectance on an inclined surface (dimensionless or %); λ = band 
wavelength; Lp,λ = path radiance (W/m
2
 sr μm); d = earth–sun distance (astronomical units); ESUNλ= 
mean exo-atmospheric solar irradiance (W/m
2
 μm); and θs = solar zenith angle (degrees). Furthermore, 
the ATCOR3 method was applied, which integrates an atmospheric and a topographic correction. In a 
final step, the normalized reflectances of a horizontal surface (ρH,λ) were calculated based on one of the 
four TC methods described below. 
 
3.1. Atmospheric corrections 
In this paper, a simplified AC, a transmittance based AC and no correction were compared on one 
Landsat scene. Table 2 provides the implemented equations of the AC methods. The first and 
simplified AC method is the DOS correction, which assumes that observed radiances from dark 
objects are a good assessment for atmospheric scattering and diffusion. Thereby, a uniform 
atmosphere across the image is assumed and DOS only considers the effect of scattering (Bruce and 
Hilbert, 2004). The path radiance was estimated by subtracting a minimum radiance value (Lmin) from 
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each pixel, as shown in Equation (2) of Table 2 (Song et al., 2001). The minimum value was 
calculated for each band as the 1
th
 percentile radiance value over the entire image and accounts for the 
atmospheric effect (Chavez, 1996). 
(Table 2) 
 
The second method is the TF atmospheric correction, which implements the atmospheric part of the 
IRC method of Kobayashi and Sanga-Ngoie (2008). This correction removes the effects of Rayleigh 
scattering and water-vapor absorption. TF correction extends the DOS method with a denominator 
containing normalized and band specific transmittance functions of water-vapor absorption and 
Rayleigh scattering, as shown in Equation (3) of Table 2. Transmittance functions were calculated for 
each wavelength and normalized per band. Here, a simplified approach was implemented, calculating 
the normalized transmittance function for each band based on the mean wavelength. The Rayleigh 
scattering transmittance function (Tr,λ) was calculated with Equation (4) of Table 2, which is based on 
sea-level atmospheric pressure (P0; in mbar), ambient atmospheric pressure (P; in mbar) and 
wavelength (λ). The value of sea-level atmospheric pressure was assumed 1,013 mbar and ambient 
atmospheric pressure (995 mbar) was obtained from daily mean surface pressures in NASA’s 
atmospheric Giovanni portal (2012). Relative air mass M was calculated with Equation (5) in Table 2. 
This value was constant across the study area, since M was only dependent on the solar zenith angle 
(θs). The water-vapor transmittance function (Tw,λ) was calculated with Equation (6) in Table 2 based 
on the following parameters: precipitable water vapor (W; in cm), relative air mass (M) and water-
vapor absorption coefficients (aw) given as a function of wavelength (Bird and Riordan, 1986). The 
precipitable water vapor (1.39 cm) was obtained from the Aqua satellite in NASA’s atmospheric 
Giovanni portal (2012) and based on the central point in the image at acquisition. Values of W and P 
were selected from the center of the image and were assumed constant across the study area. 
Therefore, central values were compared with values in the four corners of the image. The minima and 
maxima of these values were only varying 1 to 5% of the central value. 
 
3.2. Topographic corrections 
Four different topographic corrections were evaluated in this analysis. Table 3 provides the 
implemented equations of all TC methods. The first method, band ratioing, is based on the assumption 
that reflectance values vary proportionally in all bands. The observed reflectance on an inclined terrain 
(ρT,λ) was obtained by calculating the arithmetic mean of observed reflectances over all spectral bands, 
as shown in Equation (7) of Table 3. 
(Table 3) 
 
The second method, cosine correction, assumes a uniform reflectance of incident solar energy in all 
directions (Lu et al., 2008). The incident solar angle β is the angle between the normal to the ground 
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surface and the solar zenith direction (Civco, 1989). The cosine of the incident solar angle was 
calculated with Equation (11) and varies between -1 and +1: 
 cos β = cos θs cos θn + sin θs sin θn cos (ϕt – ϕa)       (11) 
where θn, ϕt and ϕa, are slope angle of the terrain, aspect angle of the terrain, and solar azimuth angle, 
respectively. This illumination parameter is the basis of the cosine correction formula, which is 
provided in Equation (8) of Table 3. The cosine correction only includes direct solar irradiance on the 
ground and ignores diffuse irradiance from the sky and adjacent terrain reflected irradiance (Teillet et 
al., 1982). The third implemented method is the pixel-based Minnaert correction (PBM), which 
accounts for non-Lambertian reflectance behavior by means of an empirical Minnaert constant k. A 
global k-value was assessed for the entire image with Equation (9) in Table 3, assuming a 
homogeneous anisotropic nature of reflectance over the study area (Colby and Keating, 1998; Gitas 
and Devereux, 2006). More sophisticated approaches assessed wavelength-dependent k-values 
(Bishop and Colby, 2002; Bishop et al., 2003; Lu et al., 2008). The fourth implemented method, pixel-
based C-correction (PBC), consisted of the topographic part of the integrated radiometric correction 
applied in the analysis of Kobayashi and Sanga-Ngoie in 2008. The PBC method adds an additional 
factor Cλ to the cosine correction in Equation (10) of Table 3 to account for diffuse sky irradiance. The 
factor Cλ is the quotient of the intercept (bλ) and the slope (mλ) of the regression line. This additional 
factor is function of terrain slope, solar zenith angle, topographic parameters derived from the SRTM 
(β and h-factor) and empirical parameters derived from the regression line between reflectance and cos 
β (Cλ and h0-factor). 
 
3.3. Integrated ATCOR3 correction 
The ATCOR3 correction integrates a MODTRAN atmospheric radiative transfer code and a modified 
Minnaert topographic method. This correction is similar to the combination of TF with PBM 
correction, although the atmospheric part of ATCOR3 implements MODTRAN and the k value is 
calculated differently. For reasons of comparison and visualisation, ATCOR3 results are shown in 
parentheses within the TF and PBM combination in all tables. The atmospheric part consists of an 
interactive and an automatic part (Richter, 1996). In the interactive part, sensor type and relevant 
acquisition information were chosen, such as solar zenith angle, calibration information and date. 
Secondly, a reference target (dense dark vegetation or water) was defined. The automatic phase 
calculated the visibility of the reference areas for the selected atmospheric characteristics and linked 
these characteristics with results obtained from the MODTRAN atmospheric radiative transfer code 
(Balthazar et al., 2012). Preset ATCOR look-up tables were implemented to calculate the radiation 
components, as well as molecular and particulate absorption and scattering (Frey and Parlow, 2009). 
The topographic ATCOR3 part is a modified Minnaert model based on a set of empirical rules 
(Richter et al., 2009). The normalized reflectance ρH,λ is calculated with the correction factor (cos 
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β/cos βT)
b
 in equation (12), where b is function of wavelength and vegetation cover, and βT is a 
threshold value depending on θs: 
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with b = 1/2 for non-vegetation; b = 3/4 for vegetation in the visible spectrum ( λ < 720 nm); and b = 
1/3 for vegetation if λ ≥ 720 nm. The ATCOR3 method combines two empirical parameters to 
calculate the BRDF model: a lower boundary threshold of the correction factor and a threshold angle 
βT (0–90°). The first parameter regulates the intensity of the correction by adapting the correction 
factor. If the correction factor is smaller than 0.25, it will be reset to 0.25 to prevent a too strong 
reduction (Richter and Schläpfer, 2011). The second parameter is the threshold value of the incident 
solar angle, below which the Lambertian correction is applied. Above this threshold, the correction 
factor is applied to correct ρT,λ. This threshold was calculated based on θs plus an increment that 
depends on its initial value, as described in Equations (13) to (15) (Richter et al., 2009): 
 βT = θs + 20° if θs ≤ 45°  (13) 
 βT = θs + 15° if 45° < θs < 55°  (14) 
 βT = θs + 10° if θs ≥ 55°  (15) 
 
3.4. Evaluation of combined corrections 
The combined correction methods were evaluated based on three analyses that test the homogeneity of 
reflectance values within a given land cover class or within the entire image. Since forest was the 
dominant land cover class, most statistical analyses were carried out on a set of 4,000 forest pixels. 
These pixels were delineated on the basis of ground control points collected during field visits in May 
2010 and July 2011 and visual interpretation of high-resolution satellite imagery (WorldView-2, 8 
bands, 46 cm resolution, acquisition date 13 October 2010). Forest pixels were classified in two 
groups, based on visual inspection of the satellite data and the value of cos β: illuminated (cos β > 0.8) 
and shaded forest pixels (cos β < 0.6). Visual inspection was performed by comparing the illuminated 
(sun-oriented) and shaded land units on true color composites before and after correction. 
The combined correction methods were evaluated based on the following three analyses: 
(1) By comparing differences in reflectance values between shaded and illuminated slope groups, 
whereby each group was represented by 2,000 forest pixels. These differences are expected to 
decrease after successful correction. Furthermore, the reflectance values between all pairs of shaded 
and illuminated slope groups before and after correction were tested with a dependent t-test for paired 
samples. Equation (16) was implemented where z is difference in average reflectance values for 
shaded and illuminated slope groups, s is the sample standard deviation and n is the sample size (i.e. 
the 15 combined corrections and ATCOR3). The t-test was performed at the significance level 0.05. 
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(2) By calculating the coefficient of variation (CV) of reflectance values within the selected forest 
pixels with Equation (17). The CV is expected to decrease after a successful combined correction. 
 
SD
CV 100 
mean
      (17) 
where SD is the standard deviation of the reflectance values within the forest class. To allow for a 
better interpretation, average CV values over all bands and CVdifference values were calculated 
(CVdifference = CVbefore correction – CVafter correction). 
(3) By examining the correlation between reflectance values and cos β before and after correction on a 
stratified sample of 5,000 points over the entire image and on the selected forest pixels. This statistic 
was evaluated based on the regression slope and the P-value for testing the hypothesis of no 
correlation before and after correction. The correlation is expected to decrease after a successful 
correction and correlations are significant if P-values are less than the significance level 0.05. 
 
4. Results 
All analyses were performed on the 15 combined methods and ATCOR3. The tables show results for 
all combinations. In contrast, it was impractical to show all combinations in the figures. Therefore, six 
representative combinations were presented: (a) no AC and no TC; (b) DOS without TC; (c) DOS with 
band ratio; (d) TF with cosine; (e) TF with PBM; and (f) TF with PBC. These six combinations were 
selected, since all single AC and TC methods were included and represented the range of modeling 
complexity. Furthermore, these combinations represented the minimum, intermediate and maximum 
results, and ATCOR3 results were similar to TF with PBM results. 
 
4.1. Differences in reflectances (shaded versus illuminated) 
Figure 2 shows reflectance values on illuminated (squares) and shaded slopes (circles) of the six bands 
and representative combinations for the selected forest pixels. In bands 1 to 3 of Figure 2a, small 
differences were present between average uncorrected reflectance values of illuminated and shaded 
areas. In contrast, average reflectance values were less homogenous in bands 4, 5 and 7. Combination 
of DOS without TC diminished differences between reflectance values of shaded and illuminated 
slopes (Figure 2b). Similar outputs were obtained for TF without TC. Application of DOS with band 
ratio overcorrected average reflectance values of visual bands and the difference in average reflectance 
values was reduced in bands 4 to 7 (Figure 2c). After cosine with TF correction (Figure 2d), average 
reflectance values of shaded slopes were higher than illuminated slopes for bands 1 to 3, which 
indicated an overcompensation of reflectance values of shaded slopes. ATCOR3 and the TF with PBM 
combination showed a reduction of differences between average illuminated and shaded reflectances 
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in all bands (Figure 2e). Implementation of TF with PBC correction performed best (Figure 2f), since 
average reflectance values of illuminated and shaded areas were similar. 
(Figure 2) 
 
The largest differences in reflectance values between illuminated and shaded forest slopes were 
observed in band 4. Table 4 shows that topographic corrections had a stronger impact on the 
reflectance values than atmospheric correction in this band. Differences after TC without AC ranged 
between -1.91% and 5.56%, while differences after only AC ranged between 8.54% and 9.86%. 
Furthermore, combination of AC and TC methods resulted in the smallest differences with a minimum 
of -0.83% (TF with PBC) and a maximum of 5.83% (TF with band ratio). Results of the TF with PBM 
method (4.14%) were comparable to the results of ATCOR3 (3.73%). The smallest differences were 
found after TF with PBC correction (-0.83%). When the t-test was significant, an asterisk was added 
in Table 4. Significant results were present for the ATCOR3 method and for combined 
corrections with a PBM or a PBC topographic correction. The PBM methods was only 
significant in combination with the transmittance based atmospheric correction. In contrast, 
the PBC correction was significant in combination with all atmospheric corrections.   
(Table 4) 
 
4.2. Coefficient of variation 
Table 5 shows CV values for the selected forest pixels of each spectral band. Furthermore, average CV 
and CVdifference values over all bands are presented. There was only an increase in CV for bands 2, 3 
and 5 after band ratio without AC. All other combined corrections decreased the CV values. Results 
after TC without AC emphasized the effectiveness of topographic corrections. The CVdifference value 
after implementation of band ratio without AC was low (1.09). Furthermore, CVdifference values 
increased after implementation of the three other TC’s without AC. The CVdifference value was highest 
for PBC (5.57), followed by PBM (4.65), and cosine (2.57), respectively. Table 5 also shows the 
performance of the two AC methods without TC. TF correction resulted in higher homogeneity than 
DOS correction, since the CVdifference value after TF (1.85) was higher than the value after DOS (1.04). 
Best results were obtained after combined corrections. Combination of TF with PBC correction 
resulted in the highest homogeneity (CVdifference of 8.60), closely followed by ATCOR3 (CVdifference of 
8.48) and TF with PBM correction (CVdifference of 8.17). 
(Table 5) 
 
4.3. Correlation analysis 
Correlation between cos β and reflectance values before and after correction was performed on the 
selected forest pixels and the stratified sampling over the entire image. Tables 6 and 7 show results of 
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both sampling strategies for all combined corrections in band 4. This band was selected based on the 
large differences in average reflectance values between illuminated and shaded slopes in the first 
statistical analysis. Before correction, correlation between cos β and reflectance values of both 
sampling strategies was positive. This is shown in Tables 6 and 7 by slope values of 16.3 and 14.6 
respectively, and significance levels less than 0.05. The dependency of reflectance values on terrain 
illumination was reduced after correction. All tested corrections decreased slope values of the 
regression line, although correlations remained significant for some combinations. After combining 
DOS without TC, positive correlation was still present. Slope values had decreased from 16.3 to 13.9 
and from 14.6 to 12.6, respectively. A significant correlation was still present for both samplings after 
combination of an AC with band ratio or cosine correction. In Tables 6 and 7, P-values were lower 
than the significance level and slope values were negative. Implementation of DOS with band ratio 
and TF with cosine presented negative slope values in both tables. Combination of PBM or PBC 
without an AC resulted in a small dependency, with slope values smaller than 3.0 and P-values 
between 0.31 and 0.39. Dependency of reflectance values on terrain illumination was reduced after 
implementation of an AC with PBM or PBC method. For the forest pixels (Table 6), slope values 
ranged between 2.2 and 2.5, and P-values indicated that data were uncorrelated (P > 0.05). Table 7 
shows that sampling over the entire image was even performing better than the forest sample, with 
slope values approximating 0 and P-values larger than 0.05. Results were improved most after 
ATCOR3 and combination of TF with PBM and PBC correction. Reflectance values and cos β were 
uncorrelated with reduced slope values of 1.1, 1.3, and 0.7, respectively.  
(Table 6) 
(Table 7) 
 
Figure 3 shows true color composite images before and after implementation of the six representative 
combined corrections. These images provide a better understanding of the study area and depict the 
removal of shading effects after combined correction. The image shows a 120 km² representative 
zoom of the study area as indicated in Figure 1. Without any corrections applied, there are clear 
differences between sun-oriented and opposite slopes in Figure 3a. The output after DOS without a TC 
did not result in visual differences in Figure 3b. A comparable output was obtained for TF without TC. 
In contrast, combined AC and TC methods changed the appearance of the images. Band ratioing 
resulted in an overall lowering of reflectance values as expected after implementation of Equation (7) 
(Figure 3c). Combined TF and cosine correction resulted in a reduction of shades on poorly 
illuminated areas in Figure 3d, although an overcorrection in the visible bands appeared. Best results 
were obtained after combination of TF with PBM or PBC correction in Figures 3e and f. Differential 
illumination effects were reduced and spectral characteristics of sun-oriented and opposite slopes were 
similar. 
(Figure 3) 
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5. Discussion 
This analysis provided new insights for fifteen permutations of two atmospheric and/or four 
topographic corrections along with uncorrected imagery. Generally, visible bands presented small 
differences between average reflectance values of illuminated and shaded areas. These differences 
were produced by larger atmospheric than topographic distortions in bands 1 to 3 due to scattering and 
diffusion, and confirmed by results of previous research (Kobayashi and Sanga-Ngoie, 2008; 
Schroeder et al., 2006; Vicente-Serrano et al., 2008). Implementation of TF with cosine indicated an 
overcorrection of reflectance values of shaded slopes. The overcorrection of areas under low 
illumination conditions - especially steep terrain where incident angles approach 90° - has been found 
in several analyses (Hantson and Chuvieco, 2011; Meyer et al., 1993; Teillet et al., 1982). ATCOR3 
and combination of TF with PBM and PBC showed a reduction of differences between average 
reflectance values in all bands and significant t-test results. These results were comparable to 
experiments conducted by Huang et al. In 2008, Wen et al. in 2009 and Vicente-Serrano et al. in 2008. 
In our analysis, average CVdifference values increased after implementation of advanced TC’s without 
AC. The average CVdifference value was highest for PBC, followed by PBM and cosine. Correlation 
analysis showed that PBM or PBC without an AC resulted in a small dependency. However, this 
dependency was even reduced after combined correction. This proved that TC methods had a larger 
impact on the results than AC methods. Valid explanations were the application of only one Landsat 
footprint and the mountainous terrain. Dependency between cos β and reflectance values was 
decreased most after ATCOR3 and the combination of TF with PBM or PBC. Similar results were 
obtained in a previous analysis by Kobayashi and Sanga-Ngoie in 2008. Largest illumination effects 
were observed in the forest class, which explained an improved performance of sampling over the 
entire Landsat image.  
Considering overall results, this analysis showed that most complex combined corrections 
were most accurate but also most difficult to automate. Furthermore, the added value of complex TC 
methods was high, while the added value of AC methods was limited. These results confirmed 
findings of previous analyses by Eiumnoh and Shrestha in 2000 and Hale and Rock in 2003, where 
topographic effects had a larger impact on remote sensing data than atmospheric effects. Therefore, 
application of a combined correction based on a complex TC component and a rather straightforward 
AC component was justified in this case study. 
 
6. Conclusions 
In this analysis, the performance of the combination of three atmospheric and five topographic 
corrections and the integrated ATCOR3 method was evaluated along with uncorrected Landsat 
imagery. Most similar studies to date missed a thorough comparison between different AC and TC 
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methods, while this analysis decomposed integrated models in an AC and a TC component and 
systematically evaluated effects of all combinations. Statistical comparison of illuminated versus 
shaded reflectance values without any correction indicated that major differences were present in 
bands 4 to 7. After implementation of combined corrections, these differences were reduced. The 
smallest differences in reflectance values were present after ATCOR3 correction or combination of an 
atmospheric correction with PBM or PBC. Furthermore, most of  these combined corrections resulted 
in significant t-test results. Comparable conclusions were drawn from the analysis of the coefficients 
of variation for the forest sampling. The CV of each spectral band decreased after combined 
correction. Overall results indicated that TC had a larger impact on the reflectance values than AC. 
Added value of AC methods was relatively low, since only one Landsat image was implemented. 
Results of the AC methods were included since these methods are essential in time series analyses. In 
this study, ATCOR3 and combinations of TF with PBM or PBC performed best, although these 
methods required the largest amount of input data. 
The added value of this study was the decomposition of integrated models and the systematic 
evaluation along with uncorrected imagery. This case study proved that the benefits in reduction of 
atmospheric and topographic distortions justified automation of more complex corrections in mountain 
areas.  
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Table 1. Type, correction, reference and acronym of AC, TC and integrated (int.) or combined (comb.) methods. 
 
Type Correction Reference Acronym 
AC  LOWTRAN-7 
RTC’s, image-based procedures and DOS 
Inverse technique 
DOS  
Kneizys et al., 1988 
Moran et al., 1992 
Gilabert et al., 1994 
Chavez, 1996 
Low resolution atmospheric transmission 
Radiative transfer codes 
 
Dark object subtraction method 
 ATCOR2 
SMAC 
6S 
 
MODTRAN 
Empirical line 
Richter, 1996 
Rahman and Dedieu, 1994 
Sriwongsitanon et al., 2011; Vermote et al., 
1997; Zhao et al., 2000; 
Berk et al., 1998 
Smith and Milton, 1999 
An acronym for atmospheric correction 
Simplified method for AC 
S econd simulation of a satellite signal in the solar spectrum  
 
Moderate resolution atmospheric transmission 
 AC with look-up tables 
DDV, MDDV and PARA 
Transmittance functions (TF)  
Liang et al., 2001; Liang and Fang, 2004 
Song. et al., 2001 
Kobayashi and Sanga-Ngoie, 2008 
 
Dense dark vegetation, modified DDV and path radiance approach 
This method is the AC part of the integrated radiometric correction  
TC  Minnaert 
 
Band ratios 
Bishop and Colby, 2002; Lu et al., 2008; 
Minnaert, 1941; Smith et al., 1980 
Colby, 1991; Ono et al., 2007 
 
 Cosine 
C  
Teillet et al., 1982 
Bishop et al., 2003; Jensen, 1996; Meyer et al., 
1993; Teillet et al., 1982 
 
 
 Two stage topographic normalization Civco, 1989  
 Minnaert with changing constant and correction based on empirical function 
SCS 
Ekstrand, 1996 
Gu and Gillespie, 1998 
 
Sun-canopy-sensor topographic correction  
 Band ratio, Minnaert, aspect partitioning and combinations of these corrections 
C-Huang Wei 
Hale and Rock, 2003 
Huang et al., 2008 
 
 PBC and PBM Kobayashi and Sanga-Ngoie, 2008 Pixel-based Minnaert and pixel-based C-correction 
 Empirical line, cosine, C, Minnaert, statistical-empirical, SCS, b, SCS+C and  
MFM-TOPO 
Soenen et al., 2008 MFM-TOPO is canopy reflectance model-based TC 
 Empirical, cosine, C and Minnaert 
Cosine, SCS, b and VECA 
Wu et al., 2008 
Gao and Zhang, 2009 
 
Variable empirical coefficient algorithm 
 C, modified Minnaert and Gamma Richter et al., 2009  
 Simplified normalization 
Cosine, C, Minnaert, modified Minnaert and empiric–statistic correction 
Cuo et al., 2010 
Hantson and Chuvieco, 2011 
 
 Cosine, C, smooth C, SCS+C, C-Huang Wei and slope matching 
Modified C-correction 
Singh et al., 2011 
Veraverbeke et al., 2011 
 
 Three-factor+C Zhang and Gao, 2011  
 Cosine, Minnaert , C, SCS, two stage topo normalization and slope matching Zhang et al., 2011  
Int. or 
comb. 
Inverse technique + band ratios 
ATCOR2 + DEM [ATCOR3] 
Conese et al., 1993 
Richter, 1997; Richter and Schäpfler, 2002; 
Richter and Schäpfler, 2011 
 
 6S + DEM Sandmeier and Itten, 1997  
 DOS + Minnaert, C and variation of C Riaño et al., 2003  
 DOS + cosine and SCS Vincini and Frazzi, 2003  
 ATCOR2 + Minnaert Mitri and Gitas, 2004  
 LOWTRAN-7 + Minnaert 
MODTRAN + SCS 
TF + PBC [IRC] 
Gitas and Devereux, 2006 
Huang et al., 2008 
Kobayashi and Sanga-Ngoie, 2008 
 
 
Integrated radiometric correction 
 DTA and 6S + cosine and C Vicente-Serrano et al., 2008 Dark target approach 
 MODTRAN-4 + AMARTIS and SIERRA Lenot et al., 2009 Advanced modeling of atmospheric radiative transfer for inhomogeneous 
surfaces; Spectral reflectance image extraction from radiance with relief and 
atmospheric correction 
 DOS + Minnaert and SCS  Gao and Zhang, 2009  
 Parameterized BRDF Wen et al., 2009 Bidirectional reflectance distribution function 
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Table 2. Equations and references of the two applied atmospheric corrections. 
AC Equation Reference 
 
DOS 
, ,p s minL L L                                                  (2) 
 
Chavez, 1996
 
 
 
TF 
,
,
2
, , ,0.5(1 )
s min
p
r r w
L L
L
T T T


  



                               (3) 
Kobayashi and Sanga-Ngoie, 
2008
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0
1
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P
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   
 (4)
 
 
 
 
1.253
1
cos 0.15(93.885 )s s
M
  
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 
               (5)
 
 
 
, 0.45
0.2385
exp
(1 20.07 )
w
w
w
a WM
T
a WM

 
  
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               (6)
 
 
Note: DOS is the dark object subtraction method and TF is the atmospheric correction based on 
transmittance functions. Lp,λ (in W/m
2
 sr μm) is the path radiance of the image and Ls,λ is the uncorrected 
radiance of the image. Lmin represents the minimum radiance value of the image, calculated as the 1
th
 
percentile. Tr,λ is the Rayleigh scattering transmittance function, including sea-level atmospheric pressure 
(P0; in mbar), ambient atmospheric pressure (P; in mbar) and band wavelength (λ). M is the relative air 
mass and θs is the solar zenith angle (in degrees). Tw,λ is the water-vapor transmittance function, 
calculated with the precipitable water vapor (W; in cm), relative air mass (M) and water-vapor absorption 
coefficients (aw).
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Table 3. Equations and references of the four applied topographic corrections. 
TC Equation Reference 
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Ono et al., 2007
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Teillet et al., 1982
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Lu et al., 2008
 
 
 
PBC 
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Kobayashi and Sanga-Ngoie, 2008 
 
Note: PBM is the pixel-based Minnaert correction and PBC is the pixel-based C-correction. ρH,λ 
(dimensionless or %) stands for the normalized reflectance of a horizontal surface for a specific spectral 
band number (N) and ρT,λ for the observed reflectance on an inclined terrain. θs is the solar zenith angle 
and β is the incident solar angle. θn is the slope angle of the terrain and k,λ is the slope of the regression 
between x = log(cos θn cos β) and y = log(ρT,λ cos θn). Parameter Cλ is the quotient of intercept (bλ) and 
slope (mλ) of the regression line between x and y. The h-factor represents a topographic parameter derived 
from the SRTM (h = 1-θn/π) and the h0-factor an empirical parameter derived from the regression line 
between reflectance and cos β (h0 = (π +2θs)/2π). 
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Table 4. Difference in average reflectance values (%) between illuminated and shaded forest slopes of 
band 4 for the 15 combined corrections and ATCOR3 (in parentheses). The asterisks indicate a significant 
t-test between all pairs of shaded and illuminated slope groups before and after correction at the 
significance level 0.05. 
 No TC Band ratio Cosine PBM PBC 
No AC 10.16 5.56 -2.36 4.65 -1.91* 
DOS 9.86 5.12 -2.34 5.04 -1.62* 
TF 8.54 5.83 -1.56 4.14* (3.73*) -0.83* 
 
International Journal of Remote Sensing 
 23 
 
Table 5. CV values for each band, average CV and CVdifference values over all bands (dimensionless) of 
the 15 combined corrections and ATCOR3 (in parentheses) for the selected forest pixels. 
 CV   TM1 TM2 TM3 TM4 TM5 TM7 Average  Difference 
No AC No TC  
Band ratio  
45.66 
42.44 
54.16 
57.74 
71.46 
75.51 
33.58 
30.32 
41.21 
45.49 
40.98 
42.08 
47.84 
48.93 
/ 
1.09 
Cosine 44.68 54.32 67.82 24.81 40.97 39.05 45.27 2.57 
PBM 41.55 48.73 64.37 30.55 36.98 36.96 43.19 4.65 
PBC 41.51 46.56 62.71 30.14 35.09 37.60 42.27 5.57 
DOS No TC  
Band ratio  
44.93 
41.71 
53.60 
51.68 
67.18 
65.84 
34.90 
31.03 
40.78 
37.31 
39.40 
37.83 
46.80 
44.23 
1.04 
3.61 
Cosine 43.69 52.57 67.76 30.79 37.98 38.00 45.13 2.71 
PBM 41.28 49.53 63.86 27.77 36.98 37.40 42.80 5.04 
PBC 40.62 49.80 60.66 26.62 34.82 37.13 41.61 6.23 
TF No TC  
Band ratio  
43.80 
41.16 
52.85 
49.87 
65.86 
64.87 
33.18 
30.26 
40.26 
37.62 
39.98 
38.41 
45.99 
43.70 
1.85 
4.14 
Cosine 41.02 50.28 67.92 27.53 36.81 36.44 43.33 4.51 
PBM 40.05 
(39.74) 
46.58 
(46.89) 
63.53 
(62.87) 
23.45 
(23.16) 
33.55 
(33.87) 
30.84 
(29.61) 
39.67 
(39.36) 
8.17 
(8.48) 
PBC 39.26 46.50 61.58 24.39 34.80 28.91 39.24 8.60 
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Table 6. Slope and P value of correlation analysis of the selected forest pixels in band 4 for the 15 
combined corrections and ATCOR3 (in parentheses). 
 No TC Band ratio Cosine PBM PBC 
 slope P slope P slope P slope P slope P 
No AC 16.3 <0.001 -3.6 <0.001 -10.7 <0.001 3.0 0.312 2.9 0.326 
DOS 13.9 <0.001 -3.3 <0.001 -9.8 <0.001 2.5 0.351 2.5 0.355 
TF 12.5 <0.001 -3.0 <0.001 -9.4 <0.001 2.2 
(2.1) 
0.378 
(0.386) 
2.3 0.384 
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Table 7. Slope and P value of correlation analysis of the stratified sample in band 4 over the entire image 
for the 15 combined corrections and ATCOR3 (in parentheses). 
 No TC Band ratio Cosine PBM PBC 
 slope P slope P slope P slope P slope P 
No AC 14.6 <0.001 -2.5 <0.001 -9.3 <0.001 2.1 0.365 2.3 0.386 
DOS 12.6 <0.001 -2.1 0.001 -8.5 <0.001 1.8 0.403 1.6 0.412 
TF 11.4 <0.001 -1.9 0.001 -8.7 <0.001 1.3 
(1.1) 
0.465 
(0.474) 
0.7 0.483 
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Figure 1. SRTM from Romania and indication of the surrounding countries. The white-outlined rectangle 
delineates the study area, the solid white rectangle a zoom in the study area.  
 
Figure 2. Average reflectance (%) calculated in the forest class as a function of spectral band: (a) no AC 
or TC; (b) DOS without TC; (c) DOS with band ratio; (d) TF with cosine; (e) TF with PBM and (f) TF 
with PBC. The dashed line with square dots denotes the illuminated areas, the solid line with round dots 
the shaded areas. The whiskers represent the standard deviations. 
 
Figure 3. True color composite images (RGB: band 3, 2 and 1) of the zoom in the study area with a linear 
stretching: (a) no AC or TC; (b) DOS without TC; (c) DOS with band ratio; (d) TF with cosine; (e) TF 
with PBM and (f) TF with PBC. 
